We present the first simultaneous measurement of the interaction rates of pp, 7 Be, and pep solar neutrinos performed with a global fit to the Borexino data in an extended energy range (0.19-2
between December 2011 and May 2016 after an extensive scintillator purification campaign. We find: rate(pp) = 134 ± 10 (stat) +6 −10 (sys) cpd/100 t, rate( 7 Be) = 48.3 ± 1.1 (stat)
−0.7 (sys) cpd/100 t, and rate(pep) =2.43 ± 0.36 (stat) +0.15 −0.22 (sys) cpd/100 t. These numbers are in agreement with and improve the precision of our previous measurements. In particular, the interaction rate of 7 Be ν's is measured with an unprecedented precision of 2.7%, showing that discriminating between the high and low metallicity solar models is now largely dominated by theoretical uncertainties. The absence of pep neutrinos is rejected for the first time at more than 5 σ.
An upper limit of 8.1 cpd/100 t (95% C.L.) on the CNO neutrino rate is obtained by setting an additional constraint on the ratio between the pp and pep neutrino rates in the fit. This limit has the same significance as that obtained by the Borexino Phase-I (currently providing the tightest bound on this component), but is obtained by applying a less stringent constraint on the pep ν flux.
Solar neutrinos emitted by fusion reactions occurring in the Sun provide a unique and direct way to study the interior of our star. The main contribution to the solar luminosity (∼99%) comes from reactions belonging to the pp chain, while the CNO cycle is expected to play a sub-dominant role [1] . The 50-year-long experimental effort to study solar neutrinos [2, 3] has been extremely rewarding both in terms of solar physics, by confirming the Standard Solar Model (SSM) predictions [4] , and in terms of particle physics, by giving a substantial contribution to the discovery of neutrino flavour oscillations [5] .
Precise spectroscopy of solar neutrinos (ν e 's) aims at studying the details of the solar-neutrino energy spectrum by disentangling the contributions from different reactions (pp, 7 Be, pep, 8 B, and CNO neutrinos). The solar neutrino spectrum [4, 6] is dominated by the low-energy ν e 's coming from the primary pp reaction (E ν < 0.42 MeV) and extends up to ∼ 18.8 MeV (maximum energy of the hep neutrinos). It also features two mono-energetic lines from 7 Be ν's (E ν = 0.384 MeV and 0.862 MeV) and one mono-energetic line from pep ν's (E ν = 1.44 MeV). Neutrinos from the CNO cycle are expected to have a continuous energy spectrum extending up to 1.74 MeV.
On the one hand, if SSM predictions of solar fluxes are assumed, measuring the solar neutrino rates for different reactions helps to pin down the neutrino survival probability P ee for different energies, thus probing the consistency of the MSW-LMA model [7] and can set constraints on possible deviations, e.g. due to non standard interactions (NSI) [8] .
On the other hand, if oscillation parameters are assumed, the study of specific components can cross-check the SSM predictions. In particular, the experimental measurements of 7 Be, 8 B or CNO neutrinos, which are sensitive to the solar metallicity, can help to settle the high (HZ) versus low (LZ) metallicity issue [4] .
We present here the first simultaneous precision measurement of the interaction rates of pp, 7 Be, and pep ν's, together with the best limit on the rate of CNO ν's, obtained with Borexino. While our previous results concerning pp [9] , 7 Be [3] , and pep ν's [10] were obtained separately by analyzing data in restricted energy ranges, this work provides the first global analysis of several solar neutrino components over an energy interval between 0.19 MeV and 2.93 MeV (recoil-electron kinetic energy). In addition, we improve the precision of our previous measurements thanks to a larger exposure, a reduction of the most relevant backgrounds, and a more accurate description of the detector response.
The Borexino experiment is located at the Laboratori Nazionali del Gran Sasso in Italy. The core of the detector [11] is 278 t of ultra-pure organic liquid scintillator, namely PC (pseudocumene, 1,2,4-trimethylbenzene) as a solvent and 1.5 g/l of fluor PPO (2,5-diphenyloxazole) as a solute, contained in a 125 µm-thick nylon vessel of 4.25 m radius, surrounded by 2212 photomultipliers (PMTs). Neutrinos of any flavour interact by elastic scattering with electrons, whose recoil produces scintillation light (∼500 photoelectrons/MeV/2000 PMTs). The number of target electrons in the scintillator is (3.307 ± 0.003) × 10 31 / 100 t. A non-scintillating buffer fills the space between the nylon vessel and a stainlesssteel sphere (SSS) of 6.85 m radius, which supports the PMTs. The entire detector is enclosed in a cylindrical tank filled with ultra-pure water and instrumented with 208 PMTs, acting as an active Cherenkov muon veto and as a passive shield against external γ's and neutrons.
The analysis is based on data collected between December 14 th , 2011 to May 21 st , 2016, which corresponds to an exposure of 1291.51 days × 71.3 t (∼ 1.6 times the exposure used in [3] ). This period belongs to the so-called Borexino Phase-II, which started after an extensive purification campaign with 6 cycles of closed-loop water extraction, which has significantly reduced the radioactive contaminants:
Kr, reduced by a factor ∼ 4.6, and 210 Bi, reduced by a factor ∼ 2.3 (see this work).
The expected solar ν's interaction rate in Borexino ranges from ∼few counts to ∼100 counts per day (cpd) in 100 t depending on the neutrino component. Together with the lack of directionality from the scintillation light, this demands a high radio-purity of the detector, a deep understanding of the backgrounds, and an accurate modelling of the detector response.
The energy, position, and pulse-shape of each event are reconstructed by exploiting the number of detected photons and their detection times. At 1 MeV, the energy and position reconstruction resolution are ∼ 50 keV and ∼ 10 cm respectively. The analysis is performed using different energy estimators: N p (total number of triggered PMTs), N h (number of detected photons, including multiple photons on the same PMT), N dt 1(2) p (number of triggered PMTs within a fixed time interval of 230 (400) ns), or N pe (total charge of all collected hits). To account for the variation in the number of working channels as a function of time, all energy estimators are normalized to 2000 PMTs [12] . The hardware energy threshold is N p > 20, which corresponds to ∼50 keV.
Events are selected using the same cuts described in [9] : we remove internal (external) muons [13] and we apply a 300 (2) ms veto to suppress cosmogenic backgrounds. The total dead-time introduced by these vetoes is 1.5%. We remove 214 Bi -214 Po fast coincidences from the 238 U chain and unphysical noise events. The fraction of good events removed by these cuts, estimated using Monte Carlo (MC) simulations [14] and calibration data [15] , is ∼ 0.1%. Background from sources external to the scintillator (nylon vessel, SSS, and PMTs) is reduced with a fiducial volume (FV) cut, which selects the innermost region of the scintillator (71.3 t), contained within the radius R <2.8 m and the vertical coordinate -1.8 < z< 2.2 m.
The residual background is mainly due to radioactive isotopes contaminating the scintillator itself, such as 14 C (β − decay, Q = 156 keV), 210 Po (α decay, E = 5.3 MeV quenched by a factor ∼10), 85 Kr (β − decay, Q = 687 keV), and 210 Bi (β − decay, Q = 1160 keV) from 210 Pb. The low energy region (below 300 keV), which is most sensitive to pp ν's, contains an additional background due to the pile-up of uncorrelated events (mostly 14 C, external background, and 210 Po [9, 14] ). The energy region sensitive to pep and CNO ν's (between about 1.1 and 1.7 MeV) is also affected by the cosmogenic isotope 11 C and by residual external background, mainly due to γ's from the decay of 208 Tl, 214 Bi, and 40 K.
The 11 C isotope (β + decay, τ = 29.4 min) is continuously produced by muons through spallation on 12 C. In order to limit its effect on the sensitivity to pep ν's, we exploit the so-called Three-Fold Coincidence (TFC) method, and e + /e − pulse-shape discrimination [10, 12] .
The TFC takes advantage of the fact that 11 C is often produced together with one or even a burst of neutrons. The principle of the method is thus to tag events correlated in space and time with a muon and a neutron. We have improved the TFC technique by implementing a new algorithm, which evaluates the likelihood L11 C that an event is a 11 C candidate, considering relevant observables such as distance in space and time from the parent muon, distance from the neutron, neutron multiplicity, muon dE/dx and the number of muon clusters in an event. Based on this probability, the data-set is divided in two samples: one depleted (TFC-subtracted) and one enriched (TFC-tagged) in 11 C. These two sets are fitted separately in the multivariate fit (see later). The new TFC algorithm has (92 ± 4)% 11 C-tagging efficiency, while preserving (64.28 ± 0.01)% of the total exposure in the TFC-subtracted spectrum.
The residual amount of 11 C in the TFC-subtracted spectrum can be disentangled from the neutrino signal by exploiting the e + /e − pulse-shape discrimination variable [10, 12] . The probability density function (PDF) of scintillation time profile is significantly different for e + and e − events for two reasons: i ) in 50% of the cases, e + annihilation is delayed by ortho-positronium formation, which has a lifetime of τ ∼ 3 ns [16] ; ii ) the e + energy deposit is not point-like, due to the two back-to-back 511 keV annihilation γ's. To exploit these differences, we use a novel discrimination parameter, called PS-L PR , based on the output likelihood of the position reconstruction [12] .
We obtain the interaction rates of solar neutrinos and background species by maximizing, through a multivariate approach, a binned likelihood function built as the product of 4 different factors coming from the TFC-subtracted energy spectrum, the TFC-tagged energy spectrum, the PS-L PR and the radial distributions. The free parameters of the fit are the interaction rates of neutrino and background species, and in the analytical approach (see later), some of the response functionrelated parameters. Constraints on the values of the fit parameters are implemented (if not specified otherwise) as multiplicative Gaussian terms in the likelihood function.
The PS-L PR reference shape for e + is obtained from a pure TFC-selected 11 C sample, while for e − events it is derived from simulations (and checked on data against electron-like events selected from 214 Bi-214 Po coincidences [12] ). The reference radial distributions for external and internal events are built from simulations [14] .
As done in previous Borexino analyses [12] , the signal and background reference spectral shapes used in the fit are obtained following two complementary strategies: one is based on the analytical description of the detector response function, while the second one is fully based on MC simulations.
In the analytical approach, the details of the detector energy response are described with a model, which includes ionization quenching and Cherenkov effects and spatial dependence of reconstructed energy and its resolution. The analytical model is derived from [12] , with several improvements to extend the energy range of the fit and uses the N dt 1(2) p variables. Most of the parameters in the model are tuned with the MC or using independent measurements and calibrations and are fixed in the fit (Birks' factor k B , geometrical correction, Cherenkov parameter). Other parameters are left free to vary in the fit, together with the neutrino and background interac- tion rates: (i ) the light yield, (ii ) a resolution parameter which accounts for the non-uniformity of the response and is relevant for the high-energy part of the spectrum, (iii ) a resolution parameter which accounts for the intrinsic resolution of the scintillator and effectively takes into account other contributions at low energy, (iv ) the position and width of the in the detector), and (v ) the starting point of the 11 C spectrum, corresponding to the annihilation of the two 511 keV γ's. Leaving the above listed parameters free gives the analytical fit the freedom to account for secondorder unexpected effects or unforeseen variations of the detector response in time.
The second method is based on the Borexino MC [14] , a customized Geant4-based simulation package [17] , which can simulate all processes following the interaction of a particle in the detector (energy deposits including ionization quenching in the scintillator, scintillation and Cherenkov light production, photon propagation and detection, response of the electronics chain) including all known characteristics of the apparatus (geometry, properties of the materials, number of working channels) and their evolution in time. All the MC input parameters have been chosen or optimized using samples of data independent from the ones used in the present analysis (laboratory measurements and Borexino calibrations with radioactive sources [15] ) and the simulation of the variables relevant for the present analysis has reached sub-percent precision [14] .
Once the MC input parameters have been tuned, events are generated according to the theoretical signal and background energy spectra and processed as real data [18] .
210 Po decays are simulated according to their actual spatial and time distributions, obtained from experimental data by tagging 210 Po with a novel pulseshape discrimination method based on a MultiLayer Perceptron (MLP) algorithm [19] . For every species, three dimensional histograms are built for each of the energy estimators (N h , N p and N dt 1(2) p ), the reconstructed radius, and the PS-L PR variable. When properly binned and normalized, these histograms represent the PDF's used in the fit. In the MC approach, there are no free fit parameters except for the interaction rates of all species. The goodness of the fit demonstrates simultaneously the accuracy of the MC simulation as well as the stability of the detector response over the period of five years.
The interaction rates of pp, 7 Be, and pep ν's are obtained from the fit together with the decay rates of 85 Kr, 210 Po, 210 Bi, 11 C, and external backgrounds ( 208 Tl, 214 Bi, and 40 K γ rays). In the MC approach, the MC-based pile-up spectrum [14] is included in the fit with a constraint of (137.5± 2.8 cpd/100 t) on the 14 C-14 C contribution based on an independent measurement of the 14 C rate [9] . In the analytical approach, pile-up is taken into account with the convolution of each spectral component with the solicited-trigger spectrum [9] . Alternatively, the analytical fit uses a synthetic pile-up spectrum [9] built directly from data. The differences between these methods are quoted in the systematic error (see Table III ).
In order to break the degeneracy between the 210 Bi and the CNO ν spectral shapes we constrain the CNO ν interaction rate to the HZ-SSM predictions, including MSW-LMA oscillations (4.92 ± 0.55 cpd/100 t) [4] [20] . The analysis is repeated constraining the CNO ν rate to the LZ-SSM predictions (3.52 ± 0.37 cpd/100 t) and in case of difference the two results are quoted separately. The contribution of 8 B ν's is small in the energy region of interest for this analysis: it has been fixed to the HZmetallicity rate 0.46 cpd/100 t.
The interaction rates of solar neutrinos and the decay rates of background species, obtained by averaging the results of the analytical and MC approaches, are summarized in Tables I and II, respectively. An example of the multivariate fit (with the MC approach) is shown in Fig. 1 (TFC-subtracted and TFCtagged energy spectra), and in Fig. 2 (radial distribution and PS-L PR pulse-shape distribution).
The details of the fit at low energies (between ∼ 230 and 830 keV) can be appreciated in Fig. 3 . In this example, obtained with the analytical fit procedure, the pile-up is not present since it is taken into account with the convolution method mentioned above.
To recognize the pep ν contribution to the measured electron-recoil spectrum, the TFC-subtracted spectrum, zoomed into the highest energy region (between 800 keV and 2700 keV), is shown after applying stringent selection cuts on the radial distribution (R < 2.4 m) and on the pulse-shape variable distribution (PS-L PR <4.8) (see Fig. 4 ): the characteristic Compton-like shoulder due to pep ν interactions becomes clearly visible.
An extensive study of the systematic errors has been performed and the results are summarized in Table III .
Differences between the results of the analytical and the MC fits are quoted as systematic errors. Further systematic uncertainties associated with the fitting procedure were studied by performing the fit in many different configurations (varying the energy estimator, the number and width of the bins, as well as the fit range). [20] . The first error is the statistical derived by profiling the likelihood under Wilk's approximation. The interval extracted is coherent with the expectation from the toy-MC. The second error is the systematic uncertainty. Different contributions to the systematic error are detailed in Table III . The result on pep ν's depends on whether we assume HZ or LZ metallicity for CNO ν's. The remaining columns show the theoretical interaction rates and fluxes predicted by the Standard Solar Model under the high (HZ) and low (LZ) metallicity assumptions [4] . Systematic uncertainties related to the fit models were evaluated using a toy-MC. Ensembles of pseudoexperiments were generated from a family of PDF's based on MC simulations and fitted using both the MC and analytical methods. The family of PDF's includes deformations due to possible inaccuracies in the modelling of the detector response (energy scale, uniformity of the energy response, shape of PS-L PR ) and uncertainties in the theoretical energy spectra ( 210 Bi). The magnitude of the deformation was chosen to be within the range allowed by the available calibration data.
In an additional systematic study, the fit was repeated taking into account the upper limit on the 85 Kr decay rate following the procedure described in [12] which exploits the 85 Kr85m Rb delayed coincidences ( 85 Kr rate < 7.5 cpd/100 t at 95% C.L.) .
The three following lines of Table III list the uncertainties associated with the determination of the scintillator mass. The dominant uncertainty from the FV measurement is estimated using calibration sources of known position and is the same as quoted in [3] .
Fully consistent results are obtained when adopting a larger FV (R<3.02 m, |z|<1.67 m). This FV contains more external background (critical for the pep ν's) which is, however, properly disentangled by the multivariate fit thanks to its energy shape and radial distribution. The previously published Borexino results regarding pp ν's [9] and 7 Be ν's [3] were obtained in this enlarged fiducial volume.
Finally, the analytical fit performed on a restricted energy range (not sensitive to pp neutrinos) using the N pe energy estimator gives consistent results (within 2 σ) for the interaction rates of 7 Be and pep ν's. The 7 Be solar ν flux listed in Table I is the sum of the two mono-energetic lines at 384 and 862 keV. It corresponds to a rate for the 862 keV line of 46.3 ± 1.1
+0.4
−0.7 cpd/100 t, fully compatible with the Borexino Phase-I measurement [3] . The 7 Be solar ν flux is determined with a total uncertainty of 2.7 %, which represents a factor of 1.8 improvement with respect to our previous result [3] and is two times smaller than the theoretical error. The p-value of our measurement when compared to the HZ-SSM predictions is 0.87, while it is 0.11 for the LZ-SSM. This provides a weak hint towards the HZ hypothesis, which is however not statistically significant. The discrimination between the high and low 
FIG. 5.
Allowed contours in the fBe-fB parameter space obtained by combining the new result on 7 Be ν's with solar and KamLAND data. The 1σ theoretical prediction for the low metallicity (blue) and the high metallicity (red) SSM are also shown. The best fit (obtained fixing sin 2 θ13 to 0.02 [20] ) is found to be: Φ( metallicity solar models is now largely dominated by theoretical uncertainties.
Following the procedure described in [12] , we combine our new result on the 7 Be solar ν interaction rate with all the solar and KamLAND data and obtain the regions of allowed values for the reduced fluxes f Be and f B (f Be = Φ( 7 Be)/Φ( 7 Be) HZ , f B = Φ( 8 B)/Φ( 8 B) HZ ). Fig. 5 shows the allowed contours together with the 1σ theoretical predictions for high metallicity and low metallicity SSM.
The pp interaction rate is consistent with our previous result and its uncertainty is reduced by about 20 %. The combination of the Borexino results on pp and 7 Be ν fluxes can be used to measure experimentally for the first time the ratio R between the rates of the 3 He-4 He and the 3 He-3 He reactions occurring in the pp chain inside the Sun [21] . The value of R reflects the competition between the two primary modes of terminating the pp chain and hence is a critical probe of solar fusion. By neglecting the pep and 8 B ν contribution, R can be written as 2 Φ( 7 Be)/[Φ(pp)-Φ( 7 Be)] . We find R = 0.18 ± 0.03, in agreement with the most up-to-date predicted values for R = 0.180 ± 0.011 (HZ) and 0.161 ± 0.010 (LZ) [4] .
The correlation between the CNO and pep ν interaction rates is broken by constraining the CNO one. The 7 Be and pp ν interaction rates are not affected by the hypothesis on CNO ν's within our sensitivity. However, the pep ν interaction rate depends on it, being 0.22 cpd/100 t higher if the LZ hypothesis is assumed (see Table I ).
The ∆χ 2 profile obtained by marginalizing the pep rate is shown in Fig. 6 (left) for both the HZ and LZ assumptions on CNO ν rate. Both curves are symmetric and allow us to establish, for the first time, that the absence of pep reaction in the Sun is rejected at more than 5 σ.
From the measured interaction rates of pp, 7 Be, and pep neutrinos and assuming the HZ SSM fluxes, the calculation of the survival probability P ee yields: P ee (pp) = 0.57 ± 0.09, P ee ( 7 Be, 862 keV) = 0.53 ± 0.05, and P ee (pep) = 0.43 ± 0.11. Fig. 7 compares these P ee results with the expectations from the standard MSW-LMA oscillation scenario (taken from [20] ).
The similarity between the e − recoil spectrum induced by CNO neutrinos and the 210 Bi spectrum makes it impossible to disentangle the two contributions with the spectral fit. For this reason, we can only provide an upper limit on the CNO neutrinos. In order to do so, we need further to break the correlation between the CNO and pep contributions. In Phase-I, this was achieved by fixing the pep ν rate to the theoretical value [10] . In the current analysis, where pp ν's are included in the extended energy range, we place an indirect constraint on pep ν's by exploiting the theoretically well known pp and pep flux ratio. The interaction rate ratio R(pp/pep) is constrained to (47.8 ± 0.8) (HZ) [4] , [20] . Constraining R(pp/pep) to the LZ hypothesis value 47.5 ± 0.8 gives identical results.
We carried out a sensitivity study by performing the analysis on thousands of data-sets simulated with a toy Monte Carlo tool: this study shows that under the current experimental conditions the total expected uncertainty (statistical plus systematical) is 3.4 cpd/100 t. With this error, we expect the median 95% C.L. upper limit for CNO to be ∼ 9 cpd/100 t and 10 cpd/100 t, for low and high metallicity, respectively. On data, we obtain an upper limit on CNO ν rate of 8.1 cpd/100 t (95 % C.L.) (see Table I ), which is slightly stronger than the median limit expected from the toy Monte Carlo study. The likelihood profile for the CNO rate is shown in Fig. 6 (right). This result, using a weaker hypothesis on pep ν, confirms the current best limit on CNO ν's previously obtained with Borexino Phase-I data [10] .
In summary, we have reported the results of the first simultaneous measurement of the pp, 7 Be, and pep components of the solar neutrino spectrum providing a comprehensive investigation of the main pp chain in the Sun: we achieved a 2.7% precision on the 7 Be ν flux and the strongest evidence (higher than 5 σ) of the pep reaction. Furthermore, by combining our new results on the 7 Be and pp ν fluxes we obtain the first direct measurement of the ratio R between the Pee for ν's from the pp chain in the Sun as measured by Borexino (obtained under the HZ assumption). The values for the pp, 7 Be, and pep neutrinos are from this work, 8 B neutrinos are derived from [22] . The violet band corresponds to the ±1σ prediction of the MSW-LMA solution [20] . The vertical error bars of each data point represent the ±1σ interval (experimental + theoretical); the horizontal bar shows the neutrino energy range spanned by the ν component under consideration. For 7 Be neutrinos the error is dominated by the theoretical uncertainty, while for pp, pep, and 8 B the error is dominated by the experimental one.
(Italy).
